We experimentally investigate the relaxation of spatially confined microcavity polaritons. We measure the time-and energy-resolved photoluminescence under resonant excitation and in the low-density regime. In this way, we have access to the time evolution of the energy distribution of the polariton population. We show that, when one confined level is resonantly excited, after an initial transient, the population of the confined levels is thermally distributed. The reported efficiency of the relaxation process strongly depends on the confinement size. These experimental findings are well reproduced by a theoretical model accounting for the coupling between the confined states and a bath of acoustic phonons. Our results thus suggest that the phonon-mediated relaxation mechanisms are enhanced in the presence of spatial confinement.
I. INTRODUCTION
Microcavity ͑MC͒ polaritons are two-dimensional quasiparticles resulting from the strong coupling between excitons and electromagnetic modes in semiconductor microcavities. Owing to their bosonic behavior and their very light effective mass ͑10 −5 times the free-electron mass͒, MC polaritons are the ideal tool for investigating quantum phenomena in solidstate systems. During the last 10 years a large number of studies have been devoted to the study of the properties of MC polaritons. [1] [2] [3] [4] [5] [6] This activity lead to the observation of parametric processes, 6 polariton lasing, 4, 5 and the demonstration of polariton Bose-Einstein condensation ͑BEC͒. [1] [2] [3] This latter achievement makes MC polaritons the most promising system to study many fundamental aspects of the BEC physics and superfluidity 7, 8 in solid-state systems due to the ease of optical measurements.
To address these challenges, it would be important to study polariton BEC in a regime very close to thermal equilibrium. Indeed, theory predicts the manifestation of the superfluid behavior at lower densities and temperatures than the ones commonly explored. 9, 10 In planar microcavities, due to the short radiative lifetime of polaritons and the very inefficient mechanisms of energy relaxation and thermalization, the deviations from equilibrium are very important. Indeed, in planar microcavities, thermalization is only possible in the regime of high polariton densities, where the polariton-polariton scattering becomes efficient enough. [1] [2] [3] In the low-density regime, where the only mechanism of thermalization is the energy exchange between polaritons and phonons or free charges, polaritons do not thermalize. In this density regime, the relaxation can be enhanced only by raising the temperature or by injecting free carriers in the system. [11] [12] [13] Recently, it has been suggested that the presence of spatial confinement could have an impact on the thermalization process.
14 This is confirmed by pioneering experimental observations in micropillars, where the spontaneous quantum degeneracy of microcavity polaritons seems to be reached at lower excitation densities than in planar microcavities. 15 In order to clarify this point, a detailed investigation of the efficiency of relaxation and thermalization of polaritons in spatially confined structures is required.
In this paper, we demonstrate the efficiency of polariton relaxation and thermalization under lateral confinement in the low-density regime. For this purpose, we investigated a GaAs/AlAs microcavity where we engineered high-quality traps capable of confining polaritons on the micrometer scale. 16 By means of photoluminescence excitation ͑PLE͒ and time-resolved spectroscopy, we measured the time evolution of the polariton energy distribution for different excitation energies. We demonstrate that the spatial confinement significantly enhances polariton relaxation because of the lift of the momentum selection rule. This leads to efficient thermalization within the localized polariton states. On the other hand, we show that the energy relaxation between delocalized and localized polariton states is inefficient. Experimental findings are reproduced well by a theoretical model that accounts for the confining potential and for the coupling between polaritons and a bath of acoustic phonons in a semiclassical framework. The good agreement between theoretical predictions and experimental results suggests that the relaxation mechanism is dominated by phonon-assisted scattering processes, whose efficiency is enhanced by polariton localization.
The paper is organized as follows. The system and its spectral properties are described in Sec. II. In Sec. III, we present the experimental evidence of the thermalization of confined polaritons. Section IV is dedicated to the experimental study of the thermalization dynamics. The theoretical model is exposed in Sec. V, while the comparison between the experimental results and the theoretical predictions is discussed in Sec. VI. A general conclusion is given in Sec. VII.
II. SAMPLE AND SPECTRAL PROPERTIES
The investigated sample is exhaustively described in Refs. 16 and 17 . It consists of a GaAs/AlAs microcavity containing a single 8 nm InGaAs quantum well ͑QW͒ and surrounded by two distributed Bragg reflectors made of 21 ͑top͒ and 22 ͑bottom͒ AlAs/GaAs / 4 layer pairs. The whole structure was grown with a wedge, allowing one to tune the detuning ␦ = E C − E X between the cavity energy E C and the exciton energy E X by changing position on the sample.
We designed local cylindrical extensions of the cavity length ͑mesas͒, which constitute potential wells for the electromagnetic modes ͓Fig. 1͑a͔͒. This results in effective potential wells for polaritons because of the strong coupling between the cavity photon modes and the quantum well excitons. In Fig. 1͑b͒ , we sketch the potential wells and the corresponding discrete energy levels for both upper ͑UP͒ and lower ͑LP͒ polaritons. The differences in the potential depths and in the energy spacing between the levels are due to the different photonic contents.
The demonstration of the strong-coupling regime and of the efficient trapping of polaritons in mesas of different diameters is reported in Refs. 16 and 17. We measured Rabi splittings of 3.5 meV in the planar cavity and of 3.35 meV in the mesas.
For all experiments discussed in the present paper, the sample was cooled down to 5 K in a liquid-helium continuous-flow cryostat. We studied three mesas of 3, 9, and 20 m diameter, all at slightly negative detuning ␦ Ӎ −0.6 meV for the lowest-energy state.
The excitation beam was focused on the back side of the sample. We used a microscope objective with a large numerical aperture ͑NA= 0.5͒ and centered the 3-m-diameter laser spot on the mesa in order to ensure a maximal mode matching between the excitation and any localized polariton state. The detection was done at the front side of the sample using a microscope objective with the same numerical aperture. The collected luminescence was sent to an imaging spectrometer with 100 eV resolution.
The spatially resolved spectrum of a 9-m-diameter mesa under continuous-wave nonresonant excitation is displayed in Fig. 2 . The energy ranges of the UP and LP delocalized ͓two-dimensional ͑2D͔͒ and localized ͓zero-dimensional ͑0D͔͒ polaritons are separated by horizontal lines. In the regions labeled LP0D and UP0D, both lower and upper polaritons are confined by the mesa. As sketched in Fig. 1͑b͒ , the luminescence spectrum of 0D polaritons is discrete, and for both LP0D and UP0D we can identify one ground state and some excited states. In this paper, the term "ground state" is used to refer to the ground state of the LP0D.
In the LP2D and UP2D regions, the luminescence is mainly detected outside the mesa. Indeed, at these energies polariton states are delocalized. The wave functions of delocalized states vanish above the mesa, and hence the luminescence intensity of 2D polaritons is very low at this position.
The detuning, ␦ = −0.6 meV for the ground state, corresponds to a very positive detuning for the cavity 2D states. The LP2D is therefore nearly purely excitonic and the luminescence from this region is strongly suppressed.
Under nonresonant excitation, free carriers are scattered by optical phonons to the nonradiative region of the exciton dispersion curve. Multiple scattering with acoustic phonons brings the excitons down to the radiative region, where they strongly couple to light and finally form polaritons. 18 The full process is governed by the slow relaxation of excitons in the nonradiative region, because the radiative lifetime of polaritons is much shorter than the exciton lifetime. Therefore, the relaxation dynamics between confined polariton states can be more likely characterized by means of resonant excitation experiments, such as PLE.
III. THERMALIZATION OF 0D POLARITONS
We performed two types of PLE experiments. Both consisted in detecting the luminescence spectrum while exciting ͑Color online͒ ͑a͒ Scheme of a microcavity with a mesa. Within a limited area, the thickness of the spacer is increased, resulting in an effective potential well for the cavity modes. This gives rise to a confining potential for polaritons. ͑b͒ Scheme of the potential trap induced by the mesa. The resulting discrete energy levels of the confined upper polariton ͑UP͒ and lower polariton ͑LP͒ are also sketched ͓ground state ͑GS͒ and excited states E1 and E2͔. resonantly the confined states. In one case, the excitation source was a continuous tunable Ti:sapphire laser ͑cw-PLE͒ in order to perform precise excitation of single-energy states of the system. In the other case, the excitation source was a pulsed Ti:sapphire laser of 500 eV spectral full width at half maximum ͑FWHM͒ ͑p-PLE͒. It allowed us to take the relaxation dynamics into account and to study the system by resonant time-resolved photoluminescence ͑TRPL͒ ͑Sec.
IV͒.
An image plot of the time-integrated p-PLE is shown in Fig. 3 . The excitation energies are displayed along the horizontal axis whereas the detected luminescence spectra are displayed vertically. On the diagonal, the emission energy is equal to the excitation energy. We make four key observations:
͑i͒ When exciting the LP0D ͑from 1482 to 1484.5 meV͒, polaritons redistribute within LP0D states toward both lower and higher energies. This indicates the presence of efficient interactions with a thermal bath.
͑ii͒ When the excitation is resonant with the UP0D ͑from 1485.5 to 1490 meV͒, the relaxation to LP0D states is very efficient. We do not observe significant polariton redistribution within the UP0D states.
͑iii͒ When exciting the UP0D, the relative intensities of the LP0D states suggest that thermalization occurs within the LP0D states.
͑iv͒ Contrary to ͑ii͒, when the excitation is resonant with the 2D polaritons, the relaxation to LP0D states is inefficient.
We give an interpretation of ͑i͒ and ͑iii͒ in terms of thermalization whereas ͑ii͒ and ͑iv͒ are discussed with considerations on the polariton dimensionality.
A. Thermalization in mesas
The p-PLE experiments were carried out in the lowdensity regime, where polariton-polariton interactions are negligible. Therefore, we attribute the relaxation to polariton-acoustic phonon scattering. Observations ͑i͒ and ͑iii͒ are clear evidence of efficient thermalization within the LP0D states.
To study in detail the thermalization within LP0D, we focus on the case in which we excite resonantly a UP0D state ͑1487 meV͒. In Fig. 4 , we display the time-integrated emission per state, as a function of the energy of the state. This quantity is obtained from the LP0D luminescence spectrum by integrating the luminescence intensity of each peak. It is equal to the population per state weighted by the photonic content of the state.
The data are in good agreement with Boltzmann distributions, from which we can extract effective temperatures. The photonic content of the states was taken into account in the Boltzmann distributions by applying an energy-dependent correction factor, which explains the nonexponential behavior of the fitting curves.
We obtain effective temperatures of 15 K for the Ø 3 m mesa and 40 K for the Ø 9 m mesa. The emission of the Ø 20 m mesa could not be fitted by a thermal distribution.
The efficiency of thermalization depends on the difference between the polariton-phonon scattering time ph and the polariton radiative lifetime r . There are three possible situations: 19 ͑a͒ r ӷ ph : During their lifetime, polaritons scatter many times with phonons. It is possible to define a temperature. This temperature is close to the lattice temperature.
͑b͒ r Ն ph : The two time scales are comparable. Polaritons thermalize at a higher temperature than the lattice. 
͑Color online͒ Image plots of p-PLE experiments on ͑a͒ 3-m-, ͑b͒ 9-m-, and ͑c͒ 20-m-diameter mesas. The dotted lines are separations between the LP0D, LP2D, and UP0D energy ranges. The relaxation down to the lowest-energy state is favored and suggests the presence of a thermalization process. The weak signal between the dotted lines indicates a poor coupling between polaritonic states of different dimensionalities. The resolution is 100 eV on both axes.
͑c͒ r Ӷ ph : Polaritons recombine too fast to undergo enough scatterings with phonons. In this case, polaritons have a nonthermal distribution.
For the Ø 9 m mesa, the effective temperature of 40 K suggests that thermalization becomes less efficient when the mesa diameter increases. This tendency is confirmed by the nonthermal emission obtained for the Ø 20 m mesa.
In planar microcavities, Stanley et al. 11 observed that for similar temperatures ͑4-5 K͒, polaritons did not thermalize. By increasing the lattice temperature up to 30 K, they significantly shortened the polariton-phonon scattering time and could eventually observe a Boltzmann distribution. In our case, the lattice temperature remains unchanged but the confinement in small mesas has a crucial effect: the widening of the wave functions in the momentum space 17 enhances the polariton-phonon scattering rate and thus favors thermalization in the small mesas. The comparison with theory is developed in Sec. VI.
B. Dimensionality
Observations ͑ii͒ and ͑iv͒ strongly suggest that, whereas the relaxation is very efficient within the localized states, it is suppressed between delocalized states and localized states. However, considering the low probability distribution of the delocalized states above the mesa, it is important to verify that ͑iv͒ is not the result of a poor mode matching between the excitation spot and the wave function of the delocalized polariton. We unambiguously confirmed this point with a cw-PLE experiment ͑Fig. 5͒.
Thanks to the narrow spectral linewidth of the continuous-wave excitation. We were able to excite resonantly single polariton states. We could accurately measure, for each of them, the reflected and transmitted intensities in order to extract the absorption. We then normalized the emission of the ground state by the absorption of the pumped state. The measured absorption of the LP2D was 15% less than the average absorption of the 0D polaritons.
The results of the cw-PLE experiment on the 9-m-diameter mesa are displayed in Fig. 5 , together with the p-PLE intensity horizontal profile taken at the groundstate energy of Fig. 3͑b͒ . For comparison, the figure also features a nonresonant excitation spectrum. One can notice the similar behavior of the p-PLE and the cw-PLE curves despite the fact that the latter is normalized. In both cases, the PLE intensity decreases by 1 order of magnitude when the excitation is resonant with the LP2D states. This demonstrates that the relaxation between 2D and 0D polaritons is inefficient.
Consequently, we can infer that under nonresonant excitation, the 2D states may not be an intermediate channel for the relaxation to the 0D states. The 0D states are most probably directly populated from the excitonic reservoir.
IV. RELAXATION DYNAMICS
The dynamics of polariton relaxation has been investigated through TRPL experiments under resonant excitation. After exciting a given 0D polariton state, we looked at the time-resolved evolution of the emission of the ground state. The luminescence was first sent to the spectrometer and then to a streak camera with 2 ps time resolution. Note that because of the dispersion on the grating, the experimental time resolution was about 10 ps. We focused our study on the 3-m-and 9-m-diameter mesas, in which polaritons thermalize efficiently with the phonon bath.
In Figs. 6 and 7 , we show the ground-state TRPL intensity for the Ø 9 m and Ø 3 m mesas, respectively. The luminescence intensity of the ground state increases with a rise time of about 15 ps. This time corresponds to the lifetime of the ground state. On the other hand, the decay times strongly depend on whether the excitation is resonant with a LP0D state or with a UP0D state.
For the Ø 9 m mesa ͑Fig. 6͒, when the pump is resonant with a LP0D state, we observe a biexponential decay of the ground-state TRPL intensity. When the pump is resonant with a UP0D state, we observe a monoexponential decay. For the Ø 3 m mesa ͑Fig. 7͒, the decay is monoexponential in both cases.
The values of the fitted decay times are reported in Table  I for the Ø 9 m mesa and in Table II for the Ø 3 m mesa. We denote S as the short decay time ͑less than 100 ps͒ and L as the long decay time ͑more than 100 ps͒. When the excitation energy is resonant with LP0D states, we obtain short decay times for both mesas. The values of S vary between 3 and 5 times the lifetime of the ground state.
In the case of the Ø 9 m mesa, we also obtain long decay times comparable to the decay times obtained while exciting UP0D states. The values of L are 1-2 orders of magnitude longer than the lifetime of the ground state. These observations suggest that similar relaxation processes are responsible for the long decay times L observed in both mesas.
A possible phenomenological interpretation of these observations is the following:
͑a͒ The relaxation of polaritons created in the UP0D involves polariton states with large excitonic content ͑LXC͒. Their long radiative lifetime determines the long decay time of the ground-state TRPL intensity while exciting UP0D states.
͑b͒ Considering the interactions with the phonon bath, polaritons created in a LP0D state have two relaxation paths to the ground state: a direct path, to lower-energy states, and an indirect path, corresponding to an initial scattering to states of higher energy followed by relaxation. This latter path possibly gives rise to a second decay time in the ground-state luminescence intensity.
͑c͒ In the case of the Ø 3 m mesa, the observation of a monoexponential decay while exciting LP0D states suggests that the indirect relaxation path is less efficient than in the Ø 9 m mesa. This could be due to the larger energy separation of LP0D states in Ø 3 m mesas.
The theory exposed in Sec. V provides a comprehensive and quantitative theoretical description of our results. 
V. THEORETICAL MODEL
The theoretical analysis is performed in two steps. First, we compute the polariton quasimodes for the present nonuniform case. 18 Second, we map the polariton-phonon coupling into the basis of the obtained polariton quasimodes. This procedure is justified by the fact that, in spite of the present nonequilibrium regime, the quasiparticle approximation still holds, as discussed below.
A. Polariton quasimodes
Polariton quasimodes can be computed via Maxwell equations, as in Ref. 18 , or by solving a nonequilibrium Schrödinger-type equation for the exciton-photon problem. 20, 21 The spectrum of excitation, i.e., the frequencies and the lifetimes, obtained within the two approaches is substantially the same, with minor quantitative differences. This quantitative agreement makes the quasiparticle approximation suitable to describe the present nonequilibrium regime.
The exciton and photon Bose fields ⌿ x,c ͑r͒ can then be safely written in terms of the polariton quasimodes as
where the label j defines the quantum number of the mode and the label n = LP, UP identifies the lower and the upper polariton branches, while p j,n is the polariton annihilation operator obeying Bose statistics. Obviously the sum in Eq. ͑1͒ refers to both localized ͑0D͒ and delocalized ͑2D͒ modes. Let us remind here that the exciton and photon wave functions x,c j,n ͑r͒ have the same spatial profile, while their amplitudes depend, respectively, on the excitonic and photonic contents of the corresponding polariton mode.
B. Coupling to acoustic phonons
By means of the decomposition ͑1͒, the Hamiltonian describing the coupling between the exciton field and the bath of acoustic phonons 13 can be written in the basis of polariton quasimodes as
The matrix elements t ͑j,n͒,͑j Ј ,n Ј ͒ q involve the excitonic wave functions and are given by 22 t ͑j,n͒,͑jЈ,nЈ͒
where
A is the phonon quantization area, u s is the sound velocity, M is the mass density, L c is the cavity length, D e,h are the deformation potentials, e,h = ͑m e + m h ͒ / m h,e , q ph = u s ͑q z 2 + q ʈ 2 ͒ 1/2 is the frequency, q ʈ is the in-plane wave vector of the phonon mode q, and, for Gauss confinement and hydrogenlike electron-hole relative motion, K e,h ͑q z ͒ = exp͓−͑q z L e,h ͒ 2 / 2͔ and ͑q ʈ ͒ = ͓1+͑q ʈ a 0 / 2͒ 2 ͔ 3/2 . Accounting for the phonon coupling within the Markovian approximation, and for the finite lifetime, the rate equations for the populations N j,n = ͗p j,n † p j,n ͘ in the different polariton states ͑j , n͒ are 13, 22 
where the phonon-scattering rates are 13, 22 W ͑j,n͒,͑j Ј ,n Ј ͒ = ͚ q ͉t ͑j,n͒,͑jЈ,nЈ͒
Ј is the energy difference between the states ͑j , n͒ and ͑jЈ , nЈ͒, n B ͑E͒ is the Bose distribution, while ⌫ j,n are the effective polariton lifetimes. These quantities are consistently obtained from the diagonalization of the exciton-photon problem.
Notice that in Eq. ͑6͒ the sum spans over all the momentum states of phonons, i.e., q z = ͑2 / L c ͒n z and
with n x,y,z =0,1,... and where A is the phonon quantization area also appearing in Eq. ͑3͒. In the uniform case, for each couple of initial and final states, the only contribution is due to phonon modes having in-plane momentum equal to the momentum difference between the two states. 13 Contrarily, in the trapped case, for two polariton states localized in a much smaller area A mesa Ӷ A ͓i.e., wave functions x j,n ͑r͒ are localized within A mesa ͔, it is easy to prove that all the phonon modes with in-plane momentum comprised in the interval ⌬q x ϫ⌬q y =4 2 / A mesa around q equally contribute. This means that, for each couple of localized states, the number of phonon modes contributing to the relaxation is proportional to the inverse of A mesa . Then we expect that the relaxation rates scale as W ϳ 1 / A mesa .
On the other hand, the matrix element involving one delocalized and one localized polariton modes is given by Eq. ͑3͒ where one wave function is a plane wave,
Here, A mesa and A 2D are the quantizing surfaces for the mesa state and for the delocalized state, respectively. For the ground state, u x 0,LP ϳ 1 / ͱ A mesa and the contributing phonon modes have wave vectors q ʈ ϳ k 2D . The corresponding matrix elements are proportional to ͱ A mesa / A 2D .
For the calculations, we use a confining potential in agreement with the atomic force microscope ͑AFM͒ images of the mesas, 16 thus accounting for the slightly elliptical shape of the mesas. The decay rates are assumed to be ␥ c = 0.05 meV, in agreement with the reported photon lifetime c = 15 ps, and ␥ x = 0.001 meV. The other parameters are ob-tained from the experimental characterization of the sample. The polariton quasimodes computation also accounts for the presence of two-body interactions, whose effect could be in principle very important and amplified by the reduced sizes. We have theoretically verified that, for the pump intensities used in this experiment, the system can be considered in the linear regime, with the two-body interactions becoming relevant and eventually dominating only for pump intensities of 2-3 orders of magnitude larger.
VI. DISCUSSION
We now compare the theoretical predictions about polaritons modes and relaxation to the experimental results presented above. The thermalization efficiency and the influence of dimensionality are discussed. Finally, the time-dependent behavior of the relaxation is evaluated.
A. Polariton spectrum
The calculated luminescence spectrum for the LP0D is plotted in Fig. 8 , together with an experimental spectrum. One can appreciate the correspondence of the observed and computed energies and linewidths. The theoretical spectrum is weighted by the photonic content of the states but does not take any relaxation mechanism into account. The strong intensity difference between theory and experiment for the excited states is a clear indication of the important role of relaxation mechanisms.
The energies of the polariton states obtained theoretically are in good agreement with the experiment and can therefore be used to simulate the relaxation between different states.
B. Thermalization
The relaxation is accounted for by applying the rate equations ͓Eq. ͑5͔͒ to the predicted modes. These rate equations depend on the phonon-scattering rates. Note that the scattering rates to states of higher energy decrease exponentially with the energy difference between the initial and final polariton states ͓see Eq. ͑6͔͒. On the other hand, the scattering rates to lower-energy states always have a spontaneous contribution coming from the Heaviside function .
In order to reproduce the thermalization experiments presented in Sec. III, we computed the relaxation dynamics after resonant excitation of a UP0D state. The thermalization dependence on the mesa diameter is accurately reproduced, as shown in Fig. 4 . The predicted effective temperatures are the same as the one obtained experimentally: 15 and 40 K for the 3-m-and 9-m-diameter mesas, respectively.
As explained in Sec. V, the scattering rate W between two 0D states is inversely proportional to the area of the mesa 1 / A mesa ͓Eqs. ͑3͒ and ͑6͔͒. This explains the more efficient thermalization in the Ø 3 m mesas.
The scattering rate between 2D and 0D states is predicted to be proportional to ͱ A mesa / A 2D ͓Eq. ͑8͔͒. In our case, this ratio is about 0.1, assuming A 2D Ӎ 1000 m 2 . 23 Therefore, the calculation gives a 0D-0D coupling that is nearly 1 order of magnitude greater than the 2D-0D coupling. This is consistent with the results of Fig. 5 .
C. Dynamics
The last comparison concerns the time-resolved photoluminescence experiments. By solving Eq. ͑5͒, we obtain the time evolution of the population in each polariton state.
The experimental time evolution of the ground-state emission intensity is displayed in Figs. 6 and 7 . In Fig. 9 we plot the calculated time evolution of the population in the ground state for the two mesa sizes and for excitations in the LP0D and UP0D. The theory reproduces well the experiments. In particular we obtain two decay times in the case of the Ø 9 m mesa when exciting resonantly a LP0D state.
The agreement is also quantitative. Decay rates have been extracted from the decay curves and the theoretical and experimental values are compared in Fig. 10 . Here, the rates are plotted as a function of the excitation energy. The short decay times give rise to a fast decay regime, with rates between 10 −2 and 2 ϫ 10 −2 ps −1 . The long decay times give rise to a slow decay regime, with rates between 2 ϫ 10 −3 and 5 
D. Relaxation between localized states
We now discuss how LXC states are responsible for the slow decay regime. As already discussed ͑Fig. 2 and Sec. II͒, the states close in energy to the exciton resonance have a small photonic content, i.e., a long radiative lifetime. They are involved in the relaxation paths from the excited states to the ground state, thus fixing the decay times observed experimentally for both excitations of UP0D and LP0D states.
Excitation of UP0D states
When exciting UP0D states, both Ø 3 m and Ø 9 m mesas present only a slow decay regime. The relaxation of UP0D states to the ground state requires many polaritonphonon scatterings. This results from Eq. ͑6͒, which asserts that the relaxation is favored between polariton states with small energy difference. Therefore, the relaxation of UP0D states has a very high probability to involve LXC states. These states have a radiative lifetime LXC much longer that the one of the ground state GS . This is represented in Fig.  11͑a͒ .
Due to the very efficient interactions with the phonon bath ͓cf. Eqs. ͑6͒ and ͑3͔͒ and to the efficient thermalization observed in Ø 3 m and Ø 9 m mesas, we have the relation ph Յ GS Ͻ LXC . In this case, as sketched in Fig. 11͑a͒ , the rise time of the ground-state luminescence intensity corresponds to GS . Its decay reflects the population decay in the states with large excitonic content, i.e., LXC . This leads to the observation of small decay rates in Fig. 10 . The p-PLE experiment ͑Fig. 3͒ show that the number of LXC states increases with the diameter of the mesa. We thus expect a slower decay regime in the Ø 9 m mesa than in the Ø 3 m mesa. This difference can be appreciated in Fig. 10 .
Excitation of LP0D states
When exciting LP0D states, we observe two decay regimes for the Ø 9 m mesa and only one for the Ø 3 m mesa. Due to the very efficient coupling to the phonon bath and to the finite temperature ͑T Ͼ 0͒, the thermalization process of the LP0D states also populates LXC states. Therefore we must consider two possible relaxation paths to the ground state, as represented in Fig. 11͑b͒ . The direct relaxation path manifests itself in a fast decay regime, whereas the indirect relaxation path, involving LXC states, manifests itself in a slow decay regime. Again, this contribution is more important for Ø 9 m mesas than for Ø 3 m mesas because of the larger number of LXC states available. Moreover, the energy separations between Ø 9 m mesa levels are smaller compared to the lattice thermal energy ͑k B T Ӎ 0.5 meV͒. As a result, we do not observe a slow decay regime in the Ø 3 m mesa.
VII. CONCLUSION
We present experimental and theoretical results of polariton relaxation in mesa structures of different diameters. We observe an enhancement of the thermalization process, arising from the lateral confinement. The relaxation is favored between polaritons of the same dimensionality, suggesting that under nonresonant excitation, the 0D polaritons are populated more efficiently from the exciton reservoir than from the 2D polariton states.
The relaxation dynamics is accessed by time-resolved photoluminescence experiments. We extract characteristic rates and evidence the role of polariton states with large ex- 11 . ͑Color online͒ Scheme of the role of LXC states in polariton relaxation to the GS. ͑a͒ The excitation is resonant with a UP0D state. The relaxation necessarily involves LXC states. We observe only one decay time in the TRPL intensity of the ground state. ͑b͒ The excitation is resonant with a LP0D state. In a Ø 9 m mesa, two relaxation paths are possible, giving rise to two decay times in the ground-state TRPL intensity. In case of a Ø 3 m mesa, the scattering to LXC states is inefficient because of the too large energy separation between the localized states. In the bottom panels, we plot the TRPL intensity of the ground state as predicted by theory.
citonic content in the relaxation between localized levels.
A theoretical model based on semiclassical rate equations reproduces accurately the luminescence spectrum and the dynamics of the relaxation in the low-density regime. It provides clear and comprehensive understanding of the thermalization and its dependence on dimensionality. The quantitative agreements between theory and experiment allows identifying polariton-phonon scattering as the major relaxation process.
The results of this paper show that polariton mesas are the ideal system to study the thermalized polariton gas at low temperatures ͑T Ͻ 5 K͒. This is a key ingredient to characterize BEC and superfluidity because it allows the thermal control of fluctuations in the system.
